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SUMMARY 


Current supersonic fighter aircraft inlets generally require a 
compromise between a sharp cowl lip for low drag at supersonic velocities and 
a blunt cowl lip for good static and angle of attack performance at subsonic 
velocities. By incorporating flow improvement concepts, increased perform- 
ance can be obtained over the entire Mach number/angle of attack regime of 
fighter inlets. 

McDonnell Aircraft Company (MCAIR) conducted a wind tunnel test program 
on isolated inlets to evaluate the effectiveness of several flow improvement 
concepts on subsonic/transonic maneuvering performance. These concepts were'* 
incorporated in 10% scale models of 2-D and axisymmetric external compression 
inlets. The 2-D inlet was a Mach 2.2, two ramp, overhead compression inlet. 
The axisymmetric inlet was a Mach 2, single translating cone inlet. 

The objective of the test program was to experimentally evaluate inlet 
concepts designed to delay the onset of internal flow separation at high 
angles of attack. Flow separation can be controlled or delayed by reducing 
the flow velocity near the leading edge of the cowl lip. Flow improvement 

designs included a rotating cowl lip, auxiliary inlets, and retractable 

centerbody (axisymmetric inlet only). The rotating cowl lip and retracting 
centerbody reduce the Mach number at the cowl lip by increasing the ratio of 
the area at the inlet entrance plane to the throat area. This is defined as 
the inlet contraction ratio. In addition, the rotating cowl lip provides a 
Mach number reduction at the cowl by more closely aligning the lip leading 
edge with the inlet approach flow field. Auxiliary inlets reduce the flow 
velocity by reducing the mass flow through the main inlet. 

Testing was conducted from Mach 0.6 to 1.4 in the 8x6 foot wind tunnel 

at the NASA-Lewis Research Center. Inlet angle of attack was varied from 0° 

to +40° at Mach 0.6 and 0.9 and up to +25° at Mach 1.2 and 1.4. Sideslip 
angles were 0 to 10°. The freestream Reynolds number ranged from 3.5 to 4.5 
million per foot. 

Results showed the rotating cowl lip to be an effective concept for 
improving angle of attack performance for both 2— D and axisymmetric inlets in 
the Mach number range of 0.6 to 0.9. Cowl lip rotation angles of 20° and 40° 
were tested. The 20° lip rotation provided the largest performance 
improvement throughout the angle of attack range. At Mach 0.9 and 40° angle 
of attack, total pressure recovery was 20% higher than the baseline 

axisymmetric inlet and 7.5% higher than the baseline 2-D inlet. Average 

turbulence levels were reduced by a factor of 4.6 for the 2-D inlet and 2.2 
for the axisymmetric inlet. 

The rotating cowl lip concepts were ineffective on the 2-D and 

axisymmetric inlets above Mach 1.2 and 1.4 due to a bow shock generated by 

the rotated cowl lip. Recovery levels dropped from one to four percent 
relative to the baseline over the entire angle of attack range. 

Auxiliary inlets provided only small improvements in inlet performance, 
and then only at angles of attack above 30°. Opening auxiliary inlets below 
30° degraded inlet performance. Auxiliary inlet location and throat area 
were varied on the axisymmetric inlet, on which only flush auxiliary inlets 
were tested. Auxiliary inlets were effective only on the lower inlet 

surface. This was due to the ram effect of the flow at angle of attack. 
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On the 2-D inlet, tests included two flush inlets and one external scoop 
auxiliary inlet- Addition of an external door or scoop provided only a small 
performance improvement above the flush configurations. In general, inlet 
distortion increased when auxiliary inlets were opened. 

Flush auxiliary inlet configurations were not tested above Mach 0.9 
since they were ineffective at subsonic Mach numbers. However, the external 
scoop auxiliary inlet was tested on the 2-D inlet at Mach 1.2 , ot = 20° and 
25°. Inlet performance was reduced when this auxiliary inlet was opened. 

The retracted centerbody configuration provided a small improvement in 
axisyrametric inlet performance at angles of attack above 20°, where flow 
separation begins to occur in the baseline inlet. However, above 20°, inlet 
distortion levels increased. Below 20°, performance was similar to the 
baseline inlet. 

This report presents inlet performance in terras of total pressure 
recovery, average turbulence, and inlet distortion as a function of angle of 
attack. Engine face total pressure contour plot comparisons are shown to 
illustrate how cowl lip and auxiliary inlet devices effect the duct flow. A 
final comparison is made between the 2-D and axisymmetric inlet baselines and 
the 20° rotated lip configurations at all Mach numbers. 
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1. INTRODUCTION 


Projected requirements for some advanced fighters include a sustained 
supersonic cruise capability, and subsonic maneuvering capabilities beyond 
that of current fighters . However, efficient supersonic performance and high 
maneuverability are conflicting inlet design requirements. Efficient 
supersonic performance requires an inlet which is properly matched to the 

engine airflow requirements and sharp leading edges to minimize lip drag at 
supersonic speeds. For effective maneuvering performance, including low 

distortion, a high contraction ratio is required along with blunt leading 
edges to prevent flow separation. In general, a compromise is made in the 

inlet design to provide acceptable subsonic and supersonic performance. 

The major cause of reduced inlet performance at high angles of attack is 
flow separation on the lower cowl lip. The flow stagnation point moves below 
the lip highlight, forcing flow to accelerate around the leading edge. The 
sharper the cowl lip (for improved supersonic performance), the worse the 

separation problem becomes. 

For 2-D inlets, flow separation results in increased distortion while 
inlet recovery is not as significantly affected. However, for an 

axisymmet ric inlet, cowl lip separation is further complicated by flow 

separation on the leeward side of the inlet centerbody, resulting in low 
recovery and high distortion. Angle of attack performance of axisymmetric 
inlets has traditionally been poor. 

Several concepts have been Identified in this program for improving the 
subsonic high angle of attack performance of supersonic inlets. The flow 

improvement devices designed Included a rotating cowl lip, auxiliary Inlets, 
and a retracting centerbody on the axisymmetric inlet. Ideally, the inlet 
could be designed with a sharp cowl lip, to provide low supersonic drag, and 
incorporate variable geometry features to improve maneuvering performance. 
These concepts would be actuated as the aircraft angle of attack is 
increased. 

Analytical codes have recently become available for predicting the 
performance of inlets at high angles of attack, but have not been 
sufficiently verified due to lack of experimental data. Therefore, wind 
tunnel testing was conducted to identify the performance increments, and 
increase the data base for verification of inlet performance prediction 

codes • 

The 2-D inlet flowfield with the baseline and rotated cowl lip was 
analyzed using a recently developed 2-D Navier-Stokes code. Analytical 
results verified that eliminating the separated region at the cowl lip 
reduced the boundary layer thickness at the engine face and improved total 
pressure recovery. 

This report presents a summary of the test results and analysis of the 
data. Inlet performance was measured in terms of engine face total pressure 
recovery, distortion, and average turbulence. The operating point at each 
Mach number was selected to be the corrected airflow corresponding to 95 
percent of critical inlet mass flow for the baseline inlet at zero degrees 
angle of attack. 
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This test was performed with the support and under the auspices of the 
NASA-Lewis Research Center to investigate inlet technology for enhanced 
maneuverability. NASA Lewis provided the use of the 8x6 foot wind tunnel 
test facility from July through August 1982. NASA engineers developed the 
software for the data reduction, display, and plotting capabilities. A total 
of 4150 data points were recorded in 86 runs. The NASA research engineer was 
Mr. Richard R. Burley. 



2. TEST FACILITY 


2.1 8X6 FOOT TUNNEL - The NASA Lewis Research Center 8xb foot Supersonic 

Wind Tunnel can attain test section Mach numbers ranging from 0.36 to 2.0. 
The tunnel, illustrated in Figure 2-1, may be operated in an open or closed 
loop mode. Reference 1. In the closed loop mode, air is recirculated through 
the test section, with dry air being added only as required to maintain the 
desired test conditions. In the open mode, outside air is drawn in through 
the air dryer and exhausted to the atmosphere. For this test, the tunnel was 
operated in the open mode. The four test section walls are perforated to 
reduce boundary layer thickness. The wall porosity was further adjusted to 
compensate for the flow blockage of the test model. 


No. 4 Door 
No. 5 Door 


No. 3 Door 

2.74 by 4.58 m 
(9x15) Low Speed 
Test Section 


Acoustical 

Muffler 



2.44 by 1.83 m 
(8x6) Supersonic 
Test Section 

Balance Chamber 


■ Drive 
Motors 


GP63-0155-96-R 


Figure 2-1. NASA-Lewis Research Center 8 x 6 Ft Wind Tunnel 


2.2 MODEL SUPPORT SYSTEM - NASA-Lewis provided the support and interface 
hardware for installing the MCAIR inlet models in the tunnel. The major 
hardware elements were (1) the mass flow plug adapter, (2) the model mount 
strongback, and (3) the remote actuation pitch and yaw sting. These inter- 
face elements connected the models to the facility transonic strut, as shown 
in the installation drawing, Figure 2-2. 

The MCAIR inlets were attached to the NASA mass flow plug adapter, 
establishing the interface between MCAIR and NASA hardware elements. The 
NASA Lewis mass flow plug was supported from the aft end of the adapter. 

The adapter is supported from the model mount strongback, which provides 
the load path for model aerodynamic forces. Two additional support straps 
extend from the strongback to the mass flow plug, to improve model rigidity 
at angle of attack. 
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Inlet Model at 40° 
Anale-of-Attack 


Pitch Servo 

Yaw Servo 



Inlet Model at -5° 
Angle-of-Attack 


Figure 2-2. MCAIR Highly Maneuverable Inlet Model Installation 

NASA-Lewis Research Center 8x6 Ft Wind Tunnel 


GP63-01SS-5-R 


The strongback is connected to a sting assembly via a pitch pivot 

connection. A pitch control actuator, attached to both the sting and 
strongback, provides remote pitch actuation for angle of attack testing. 

The remote actuation pitch and yaw sting assembly connects the model 
strongback to the facility transonic strut. This sting provides the pivots 

for both pitch and yaw actuation. The pitch pivot is forward of the yaw 

pivot. The yaw control hydraulic cylinder is illustrated in a top view of 
Figure 2-2. Servo controls are mounted on the sting for hydraulic actuation 

of the pitch, yaw, and mass flow plug actuators. 

The pitch range of the sting was from -5° to +25° and yaw capability was 

-5° to +10°. The facility transonic strut is floor mounted and capable of 

pitch over an angle of attack range from 0° to +15°. Therefore, combined 

sting and strut rotation provided a maximum model angle of attack range from 
-5° to +40°. 

All electrical and pneumatic lines were routed in bundles along the 

model strongback and sting. These bundles were then enclosed in the top of 
the transonic strut, where connections were made to the facility control room 
instrumentation. 
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2.3 DATA ACQUISITION SYSTEM - The data acquisition system utilized ten 
pressure modules that could accommodate up to 32 pressure orifices each. 
Each orifice had its own transducer, and the outputs from the 32 transducers 
were scanned electronically. Each module also had two ports connected to 

reference pressures . 

All transducers for the engine face and mass flow plug rakes were 50 psi 
transducers. Static pressures were measured on 15 psi transducers. Accuracy 
of the transducers was +.15% of full scale. The modules were automatically 
calibrated every 20 minutes for zero shifts and sensitivity changes by 
checking against the two reference pressures. New sensitivity factors were 
computed from these calibrations and the transducer sensitivity coefficients 
were updated. All pressure transducers were housed in a water cooled 
enclosure below the tunnel, to minimize temperature variations. 

The NASA Lewis data acquisition system provided for recording test 
measurands and the effective real time computation of a large number of 
performance parameters. Data was obtained, performance parameters computed, 
and real time results were updated every five seconds on CRT monitors. As 
test variables were remotely altered, the monitors allowed test engineers to 
examine updated model pressure data as well as preselected performance 
parameters. Recorded data was also transmitted to a high speed digital 
computer, which provided complete hardcopy data reduction. The reduced data 
was also stored on disks, for post test data review and automated plotting. 

NASA-Lewis engineers developed the software for calculating real time 
and post test inlet performance data. 
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3. MODEL DESCRIPTIONS 


Maneuverability performance testing was conducted using ten percent 
scale MCAIR models of 2-D and axisymmetric supersonic inlets. Basic model 
features of both inlet types are described in Sections 3.1 and 3.2, together 
with instrumentation and flow improvement concepts. Descriptions of hardware 
common to both models, such as the engine face rake and mass flow plug, are 
contained in Section 3.3. 

3.1 2-P INLET MODEL — The 2 — D inlet model. Figure 3-1, was assembled from 

four model sections: (1) the main inlet, (2) the forward auxiliary inlet, 

(3) the diffuser, and (4) the aft auxiliary inlet. Immediately downstream of 
the aft auxiliary inlet section is the engine face rake, which is common for 
all inlet configurations. 




The inlet configuration with all four component sections is referred to 
as the long diffuser configuration, Figure 3-2. In this configuration, the 
distance, L, from the inlet throat plane to the engine face rake is equal to 
5.5 engine face diameters. The engine face diameter is 3.46 inches. 

The 2— D inlet can also be tested with shorter ducts by removing one or 
both of the auxiliary inlet sections. The short diffuser configuration, 
Figure 3-3, is created by removing both auxiliary inlet sections from the 
long diffuser configuration, reducing the distance between the throat plane 
and engine face rake to 2.5 engine face diameters. A photograph of this 
configuration in the 8x6 foot wind tunnel. Figure 3-4, also shows the NASA 
support hardware downstream of the inlet model. 
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Figure 3-2. 2-D Inlet Model Installation in the NASA-Lewis 8x6 Ft Wind Tunnel 

Long Diffuser Configuration 



Figure 3-3. 2-D Inlet Model Long and Short Diffuser Configurations 
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Figure 3-4. 2-D Inlet Model Installation in the NASA-Lewis 8 x 6 Ft Wind Tunnel 

Short Diffuser Configuration With 40° Rotated Lip 

3.1.1 Main Inlet Section - The main inlet section of the 2-D inlet 
model contains the fixed first ramp, variable second ramp, cowl lip, and 
sideplates as shown in Figure 3-1. The first ramp provides 8° of compres- 
sion. For testing with the short diffuser, the variable second ramp was 

replaced with a wedge block shown in the shaded area of Figure 3-5. This 
simulates a V/STOL inlet with no boundary layer bleed system in the throat 
slot or ramp. In this test, the variable second ramp in the long diffuser 
configuration was always tested in a colinear position with the first ramp, 
hence the overall compression angle was 8° for all 2-D inlet investigations. 


• Static pressure tap 



Figure 3-5. 2-D Main Inlet Section Design and Instrumentation 

Short Diffuser Configuration 
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The short diffuser wedge block ramp has five static pressure orifices 
distributed along the centerline of the compression system, as shown in 
Figure 3-5. The variable ramp configuration has 10 static pressure orifices 
on the two compression and diffuser ramps, Figure 3-0. A three-probe total 
pressure rake is located at the end of the second ramp. 



Long Diffuser Configuration 


The inlet sideplates have a 12.5% cutback, identical to that of the F-15 
aircraft inlet. The cutback, defined as the ratio of the cutback height to 
the inlet height, Figure 3-5, is designed to improve supersonic stable range. 
The leading edges of the sideplates are swept 28°. The internal surfaces are 
planar, to avoid sidewall compression influences on the ramp flowfield. 

Bleed systems were incorporated in the sideplates for boundary layer 
control in the regions where the second oblique and normal shocks occur 
during supersonic operation. Solid and porous plates were interchangeable. 
The unbled sideplates were tested on the short diffuser configuration and the 
long diffuser configuration was tested with sideplate bleed. The sideplates 
were not instrumented. 

The baseline cowl lip contour was scaled from the F-15 aircraft inlet. 
This contour is a compromise between a sharp lip for low supersonic drag and 
a blunt cowl lip for good subsonic performance at angle of attack. The 2-D 
inlet was tested with the baseline cowl lip and with two rotated cowl lips, 
Figure 3-7. The rotated cowl lips utilized the same contour as the baseline, 
but were rotated 20° and 40° relative to a reference line from the baseline 
lip highlight through the theoretical hinge point. The three cowls are 
illustrated in Figure 3-8. The rotated cowl lip hardware contained a portion 
of the sideplate to simulate sideplates which rotated in concert with the 
cowl lip. 
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Figure 3-7. 2-D Inlet Lower Cowl Lip Variations 

Each cowl was instrumented with seventeen static pressure orifices, 
illustrated in Figure 3-8. This instrumentation was distributed along the 
centerline, both internally and externally. 

3.1.2 Forward Auxiliary Inlet Section - The forward auxiliary inlet 
section of the model provides a constant area flow channel, spanning the 
length of the simulated diffusion ramp. The cross-sectional area is rectan- 
gular, with fillets in the lower corners, as shown in Sections AA and BB of 
Figure 3-1. The top, sides, and bottom were designed for incorporating the 
auxiliary inlets. 

It was determined during the testing of the axisymmetric inlet, which 
was tested prior to the 2-D inlet, that upper auxiliary inlets were ineffec- 
tive in the Mach range of this test program, and therefore only bottom mount 
auxiliary inlets were evaluated on the 2-D inlet in this program. 

Three auxiliary inlet configurations were evaluated, two flush concepts 
and one external scoop concept, as illustrated in Figure 3-9. The throat 
centerlines of the auxiliary inlets are located A. 5 duct diameters forward of 
the engine face rake. 
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Figure 3-8. 2-D Inlet Rotated Cowl Lip Configurations 


Forward Auxiliary Inlat Section 







CR=1 60 




Elliptical 





Figure 3-9. 2-D Inlet Model Auxiliary Inlet Configurations 
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All auxiliary inlets used the same forward lip contour, a simple aft 
facing ramp. This planar ramp was inclined 40° relative to the vertical. 

The aft lip however, was different for each concept. A thick, circular, 
contoured section was used as the aft lip on auxiliary inlet configuration 1, 
Figure 3-9. The throat area was 35% of the main inlet throat area. 

The second flush auxiliary inlet configuration incorporated a more 
elliptical shaped aft lip, to increase the distance utilized to turn the 
auxiliary flow parallel to the internal flow. This elliptical lip extended 
further forward than Configuration 1, reducing the auxiliary inlet throat 
area to 17.5% of the main inlet throat area. 

The final auxiliary inlet concept added an external scoop, with 
sidewalls, to the circular aft lip on Configuration 1. The scoop angle was 
51 9 Figure 3—9. Hence, the throat area of Configuration 3 is equal to that 
of Configuration 1. A photograph of the 2— D inlet with the external scoop 
auxiliary inlet deployed is shown in Figure 3-10. The auxiliary inlets were 
not instrumented. 



OPftW)155-2S-R 


Figure 3-10. 2-D Inlet With External Scoop Auxiliary Inlet 


3*1*3 Diffuser Section - The duct transitions from a rectangular to a 
circular cross section in the diffuser section. This section also has a 20% 
increase in flow area and a slight vertical offset, as shown in Figure 3-11. 
The 20% increase provides the flow deceleration required between the throat 
and engine face rake. The diffuser offset is 0.07 engine face diameters in 
the vertical plane. 
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Figure 3-1 1 - Diffuser Section Geometry and Instrumentation 


Diffuser instrumentation consists of wall surface taps and a removable 
six probe total pressure rake. A total of 12 static pressure taps were 

located in three rows along the top, bottom, and side centerlines, as shown 

in Figure 3-11 • The rake was located 0.56 inches aft of the diffuser 
entrance, offset 0.80 inches from the diffuser centerline, as pictured in 
Figure 3-11. The rake was installed only during tests with the long 
diffuser. 

3.1.4 Aft Auxiliary Inlet Section - The aft auxiliary inlet section 
served as a constant area circular duct extension during the tests. Flush 
coverplates were used in the auxiliary inlet openings, similar to the base- 
line configuration of the forward auxiliary inlet. The length of this 
section is 1.4 engine face diameters. It contained no pressure instrumenta- 
tion. 

3.2 AXISYMMETRIC INLET MODEL - The axisymmetric inlet, Figure 3-12, is a 10% 
scale model of a Mach 2.0 single cone inlet. It has a capture area of 8.73 
in^ and a cone half angle of 25°. The design of the cowl lip contour was 
sharp for good supersonic performance. It had no boundary layer bleed 

systems for the subsonic/transonic testing in this program. The subsonic 
diffuser was not offset and the length from the inlet throat to the engine 

face rake is 5.4 engine face diameters. 


Mach 1 .4 
Position 


300 


Adapter 

Section 



"Mach 0.0 Position 


-Cone Centerbody 
Supported by 3 Struts 


Engine Face 
Rake- 
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Figure 3-12. Axisymmetric Inlet Model Details 
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The axisymmet ric inlet model is assembled from three sections: (1) the 

main inlet, (2) the auxiliary inlet, and (3) duct extension section. A short 
adapter section, L/D = 0.73, is used to connect the duct extension section 
and the engine face rake. Figure 3-13 shows the assembled model in the 8x6 
foot wind tunnel. 
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Figure 3-13. Axisymmetric Inlet Model Installation in the NASA-Lewis 8 x 6 Ft Wind Tunnel 


3*2.1 Main Inlet Section - The main inlet section of the axisymmetric 
^*^3ct contains the forward portion of the cone centerbody assembly and the 
cowl lip portion of the inlet. The axial location of the cone is variable, 
to provide contraction ratio adjustments subsonically and to avoid oblique 
shock wave ingestion supersonically. The translating cone was simulated by 
adding or removing spacers to the centerbody. 

The most forward cone position was tested at Mach 1.4, see Figure 3-12. 
This position was required in order to position the oblique shock ahead of 

the cowl lip. An intermediate cone location, aft of the Mach 1.4 position, 

provided increased flow contraction for inlet operation from static to low 
transonic speeds. The increased contraction reduces the Mach number in the 
vicinity of the cowl lip highlight. 

The baseline cowl lip has a thin contour. Coordinates are given in 

Figure 3-14. The cowl contains nine static pressure orifices, six of which 

are internal. The centerbody has seven static pressure taps distributed 
along the conical compression surface and the afterbody. The instrumentation 
for the main inlet section is shown in Figure 3-14. 
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Baseline Cowl 
Lip Coordinates 



External Internal 

Cowl Cowl 


0.006 

0.01 

0.014 

0.018 

0.024 

0.032 

0.04 

0.05 

0.07 

0.08 

0.10 

0.14 

0.18 

0.22 


1.667 

1.677 

1.682 

1.686 

1.690 

1.693 

1.697 

1.702 

1.710 

1.714 

1.721 

1.733 

1.745 

1.756 


1.667 

1.664 

1.661 

1.659 

1.657 

1.655 

1.655 

1.654 

1.655 

1.656 

1.657 
1.661 

1.667 
1.673 
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Figure 3-14. Main Inlet Section Design 


Two maneuvering improvement concepts were incorporated into the main 

inlet section of the axisymmetric inlet. The first concept was a retracted 

centerbody, which increased the contraction ratio, or the ratio of the inlet 
highlight flow area to the throat area. By retracting the centerbody, the 
highlight area is increased while the throat area remains essentially 
unchanged. 

A retracted cone. Figure 3-12, was fabricated to simulate a further aft 
translation of the centerbody. In the retracted position, the apex of the 
centerbody cone is in the cowl lip highlight plane. Theoretically, the 

increased flow area reduces the local Mach number at the lip, thereby reduc- 
ing the potential for flow separation. 

The second maneuvering improvement concept in the main inlet section is 
a rotating cowl lip. The axisymmetric inlet was tested with two lip rotation 
angles, 20° and 40°. These rotated cowl lips were simulated by rotating a 

90° sector of the lower lip. Figure 3-15. Vertical sideplates were used to 
prevent spillage of the captured flow. 

The 40° rotated lip was tested with two cowl lip contours: one that 

matched the contour of the baseline and one that was more blunt, to ensure 
attached flow near the lip highlight. The 20° rotated lip was tested with 
only the blunt lip contour. The lips were not instrumented. 
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20° Rotated Cowl Up 




Figure 3-15. Axisymmetric Inlet Rotated Cowl Lip Geometry 


The rotating cowl lip design on the axisymmetric inlet requires that the 
rotating lip sideplates retract into the inlet throat. A retracted sideplate 
configuration was tested to determine the effect of the sideplates on inlet 
performance. This configuration simulated the 40° rotated lip sideplates in 
their stowed position. Figure 3-16. The sideplate thickness was .063, with a 
leading edge radius equal to the plate thickness. The baseline cowl lip 
contour was utilized on this configuration. 




Figure 3-16. Axisymmetric Inlet With Retracted Sideplates 



3.2.2 Auxiliary Inlet Section - This section of the axisymraetric inlet 
model accommodates hardware to simulate auxiliary inlets. It also contains 
the aft portion of the cone centerbody and support. The cone centerbody 
assembly is supported by three struts, at 60°, 180° , and 300° orientations, 
as shown in Figure 3-12. The internal walls are contoured to provide a 
slight contraction to compensate for the increased flow area which results 
from termination of the inlet centerbody. 

Auxiliary inlets were tested at four circumferential locations just 
downstream of the centerbody termination. The model was oriented so that the 
auxiliary inlet centerlines were 45° from the duct vertical centerline. 
Figure 3-17. The auxiliary inlets were located 3.8 duct diameters ahead of 
the engine face rake. They were opened in pairs, either the two upper or two 
lower auxiliary inlets being opened simultaneously. 

Each individual auxiliary inlet provided a maximum of 35% of the main 
inlet throat area when fully opened (with the centerbody in the M = 0.0 posi- 
tion). Hence, a pair of auxiliary inlets could provide up to a 70% increase 
in throat area. This area could be reduced by 50% with interchangeable 
forward ramp hardware. The contour of the forward ramp was linear with an 
approach angle of 45° relative to the inlet longitudinal axis. 

Only one set of auxiliary inlet surfaces was instrumented. A total of 
eleven static pressure orifices were utilized to determine the pressure 
distribution along the entrance surfaces. Five orifices were located on the 
forward ramp and six on the aft surface. The instrumentation is shown in 
Figure 3-17. 




Figure 3-17. Auxiliary Inlet Section Instrumentation 
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3-2.3 Duct Extension Section - The duct extension section provides 
constant flow area for 2.5 engine face diameters. The duct extension has a 
circular cross section, equal to the engine face diameter (3.46 inches). It 
connects to a short adapter section which allows the axisymmetric inlet to be 
tested with the same engine face rake as the 2-D inlet model. The duct exten- 
sion, Figure 3-18, has four static pressure orifices each on its upper and 
lower surfaces. 



View Looking Aft 



Pressure Locations 


Duct Extension 

Tap Number 1 2345678 

Duct Extension 
Length (in.) 

Lon^Duc^ (m ' 0 25 2 50 475 7 00 °- 25 2.50 4.75 7.00 

8.00 
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Figure 3-18. Duct Extension Details and Instrumentation 


3.3 COMMON MODEL HARDWARE - The 2-D and axisymmetric inlet models utilized 

the same mass flow plug and engine face rake hardware for measuring inlet 

mass flow and the flow properties at the engine face. 

The engine face rake used in this test consisted of 48 total pressure 
probes and 24 high response Kulite probes on eight radial legs about a center 
hub. The radial legs were spaced at 45° increments equally around the duct, 
as shown in Figure 3-19. Each leg had six steady state and three high 

response total pressure probes, as indicated in Figure 3-20. The pressure 
probes on each leg were located at the centroid of equal areas to allow 

direct averaging of the pressure data. 

The center hub had eight static pressure orifices in line with each of 
the rake legs. The orifices were located at the same axial station as the 
total pressure probes on the engine face rake. 
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Figure 3*19. Engine Face Rake Instrumentation Details 


Dynamic pressure data was filtered through four pole bessel low pass 
filters with a cutoff frequency of 1700 hertz before being processed by RMS 
modules. This corresponds to a 170 hertz cutoff frequency for the full scale 
inlet . 

The filtered analog signal from each of the high response probes was the 
input to the RMS modules. This data was used to compute the root mean square 
(RMS) fluctuation of the pressure data about the steady state pressure level. 
The RMS modules use a sliding window to continuously update the computed RMS 
level. A time constant of 0.5 seconds was specified to define the size of 
the window such that the output from the RMS modules varied much more slowly 
than the data acquisition rate. 

The engine face rake housing and hub were relieved in the region of the 
rake legs to increase the flow area and thus compensate for the blockage 
associated with the legs, Figure 3-20. This increased flow area prevented 
the inlet mass flow from being limited due to the instrumentation hardware at 
the engine face for freestream Mach numbers above 0.6. 
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An adapter section provided the transition from the rake hardware to the 
mass flow plug hardware and supported the model, as mentioned in Section 2.2. 
It had a constant circular cross section and a length of 3 duct diameters. 
The purpose of this section was to provide length behind the engine face rake 
so flow distortions could attenuate. The accuracy of the computed mass flow 
is improved by minimizing the flow distortion at the mass flow plug rake. 

The inlet mass flow controller used in this test was the NASA Lewis 
HiMat mass flow plug. A sheer view of this hardware is shown in Figure 3-21. 
This plug utilized a 40 probe total pressure rake with center hub ahead of 
the flow measurement station. Inlet airflow was controlled by a translating 
conical plug, which was remotely driven by a hydraulic actuator. A 
calibrated linear potentiometer was used to determine plug position. The 
mass flow plug was calibrated in the 8x6 tunnel during April and May 1982. 

Calibration curves for the mass flow plug are presented in Appendix A. 
Results of the plug calibration show the accuracy of the plug position to be 
+0.05 inches and the repeatability to be +0.005 inches. Accuracy of the 
computed corrected airflow is +0.1 lbm/sec. 
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Figure 3-21. Mass Flow Plug Design and Instrumentation 


The total pressure rake on the mass flow plug consisted of eight radial 
legs, spaced at equal angular positions. Each leg had five steady state 

total pressure probes spaced on equal area centers. Eight static pressure 

taps were located circumferentially around the rake housing at the measure- 
ment plane. 

Six static pressure orifices, located near the exit were used to 
correlate the mass flow through the plug to the static-to-total-pressure 

ratio at the plug exit. A short external skirt was placed ahead of the flow 
exit, to reduce the base pressure in this region, Figure 3-21. The local 

reduction in exit pressure increased the mass flow range of the plug. 
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4. TEST PROCEDURE AND DATA REDUCTION 


The baseline axisymmetric and 2-D inlets were tested initially to 
establish the reference performance level. The axisymmetric inlet was tested 
first . 

The effects of the rotating cowl lip and auxiliary inlets on the 
axisymmetric inlet were tested from Mach 0.6 to 1.4. Data at Mach 1.4 was 
taken separately from the 0.6 to 1.2 data, because of the different 
centerbody position. Results showed the flow improvement concepts to be 
ineffective at Mach 1.2 and 1.4. Therefore, the subsequent 2-D inlet tests 
were concentrated in the Mach 0.6 to 0.9 speed regime, with only limited data 
taken at Mach 1.2. 

4.1 OPERATIONAL SEQUENCE - During tunnel startup, the inlet was set to zero 
degrees pitch and yaw, to minimize starting loads on the model. The mass 
flow plug was set to a failsafe position which would definitely operate the 
inlet in the choked throat condition. Once the tunnel was brought up to the 
desired Mach number, the model was set to the desired test orientation. The 
mass flow plug was then moved from the failsafe position to the initial mass 
flow position, which provided the maximum inlet mass flow ratio. 

Supercritical operation was achieved at all Mach numbers except 0.6. At 
Mach 0.6, freestream static pressure was high enough such that the 2-D inlet 
could not be run supercritically . Flow was allowed to stabilize for 10 to 15 
seconds before data acquisition. The mass flow plug was then stepped into 
the next position, flow allowed to stabilize, and another data point taken. 
Five to seven mass flow points were recorded in order of decreasing mass 
flow. The lowest mass flow ratio was determined from typical engine flight 
idle airflow at subsonic conditions. 

At supersonic Mach numbers, the output from three dynamic probes on the 
engine face rake was monitored to detect the onset of buzz. The lowest mass 

flow ratio was determined by engine idle airflow, unless buzz occurred 

beforehand. Upon completion of a mass flow sweep, the mass flow plug was 

returned to the failsafe position, the model orientation set to the next test 
condition, and the mass flow sweep repeated. 

The mass flow plug schedule generally did not change with angle of 

attack at a fixed Mach number. The initial plug setting did vary with Mach 
number, however, to achieve supercritical inlet operation where possible. 

^•2 RUN SCHEDULE - The 2-D and axisymmetric inlets were tested throughout a 
typical subsonic/transonic maneuvering envelope for advanced fighters. The 
an gle of attack and sideslip angle ranges over which the model were tested 
are shown in Figure 4-1. 

Figure 4-2 presents the run schedule for the axisymmetric inlet. The 
run schedule for the 2-D inlet is presented in Figure 4-3. 
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Configuration 

Number 

Description 

Mach 

Angle-of-Attack 

(deg)* 


Cowl Lip 

Centerbody 

(Mach) 

Auxiliary Inlet 

1 . 

0° Rotated Lip With 

1.4 

0, 5, 10, 15, 20 

0° 

Rotated Lip 

1 

.4 

Closed 


Retracted Sideplates 

0.9 

0, 20, 40 

With Retracted 

0 




0.6 

0, 20, 40 

Sideplates 







(No Sideslip Data) 


j 

i 




2. 

Baseline 

1.4 

0, 5, 10, 15, 20 

Baseline 

1.4 

Closed 


Configuration 

1.2 

0, 10, 20, 25 

(0° 

Rotated Lip) 

I 

3 




0.9 

0, 10, 20, 30, 40 





1 




0.6 

0, 10, 20, 30, 40 


1 



I 


3. 

20° Rotated Lip 

1.4 

0, 5, 10, 15, 20 

20° Rotated Lip 

1 

.4 

Closed 



1.2 

0, 10, 20, 25 




0 




0.9 

-5, 0, 10, 20, 30, 40 









0.6 

0, 10, 20, 30, 40 


1 


1 



4. 

40° Rotated Lip 

1.4 

0, 5, 10, 15, 20 

40° 

Rotated Lip 

1 

.4 

Closed 


(Blunt) 

1.2 

, 0, 10, 20, 25 

(Blunt) 


( 

3 




0.9 

-5, 0, 10, 20, 30, 40 









0.6 

0, 10, 20, 30, 40 


i 


| 



5. 

40° Rotated Lip 

0.9 

0, 20, 40 

40° 

Rotated Lip 

1 

.4 

Closed 


(Sharp) 

0.6 

0, 20, 40 

(Sharp) 


0 





(No Sideslip Data) 

* 


♦ 


6. 

Lower Auxiliary 

1.4 

0, 5, 10, 15, 20 

Baseline 

1.4 

Both Lower Auxiliary 


Inlets Fully Open 

1.2 

0, 10, 20, 25 




0 

Inlets Fully Open 



0.9 

0, 10, 20, 30, 40 






(Flush) 



0.6 

0, 10, 20, 30, 40 

i 






7. 

Lower Auxiliary 

0.9 

0, 20, 40 

Baseline 

1.4 

Both Lower Auxiliary 


Inlets Half Open 

0.6 

0, 20, 40 




0 

Inlets Half Open 









1 

(Flush) 

8. 

Upper and Lower 

0.9 

0, 20, 40 

Baseline 

1.4 

All 4 Auxiliary Inlets 


Auxiliary Inlets 

0.6 

0, 20, 40 




0 

Half Open (Flush) 


Half Open 









9. 

Upper and Lower 

1.4 

0, 5, 10, 15, 20 

Baseline 

T 

1.4 

All 4 Auxiliary Inlets 


Auxiliary Inlets 

1.2 

0, 10, 20 




0 

Fully Open (Flush) 


Fully Open 

0.9 

0, 10, 20, 30, 40 









0.6 

0, 10, 20, 30, 40 







10. 

Upper Auxiliary 

1.4 

0, 5, 10, 15, 20 

Baseline 


1.4 

Both Upper Auxiliary 


Inlets Fully Open 

1.2 

0, 10, 20, 25 




0 

Inlets Fully Open 



0.9 

0, 10, 20, 30, 40 






(Flush) 



0.6 

0, 10, 20, 30, 40 







11. 

Upper Auxiliary 

0.9 

0, 20, 40 

Baseline 


1. 

4 

Both Upper Auxiliary 


Inlets Half Open 

0.6 

0, 20, 40 




0 

Inlets Half Open 




(No Sideslip Data) 


! 




(Flush) 

12. 

Retracted Centerbody 

0.9 

0, 20, 30, 40 

Baseline 


Retracted 

Closed 



0.6 

0, 20, 40 




Centerbody 


13. 

Best Rotated Lip 

1.2 

0, 10, 20, 25 

20° 

Rotated Lip 

1.4 

Both Lower Auxiliary 


and Auxiliary 

0.9 

-5, 0, 10, 20, 30, 40 




0 

1 

Inlets Fully Open 


Inlet Configuration 

0.6 

0, 10, 20, 30, 40 


1 


1 



--- 

Best Rotated Lip 

0.9 

-5, 0, 10, 20, 307 40 

20° 

Rotated Lip 

Retracted 

Both Lower Auxiliary 


and Auxiliary Inlet 

0.6 

0, 10, 20, 30, 40 




Centerbody 

Inlets Fully Open 


Configuration With 


(No Sideslip Data) 








Retracted Centerbody 





r 

1 




‘Sideslip angles of 5°, and 10° tested at a = Q° and 20° at Mach 0.9 unless noted. 
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Figure 4-2. Axisymmetric Inlet Run Schedule 
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Configuration 

Number 

Description 

Mach 

Angle-of-Attack 

(deg)* 

Cowi Up 

Auxiliary Inlet 

15. 

Short Diffuser With 

1.2 

0, 10, 20, 25 

Baseline 

Closed 


0° Rotated Lip 

0.9 

-5, 0, 10, 20, 30, 40 

(0° Rotated Lip) 




0.6 

0, 10, 20, 30, 40 




16. 

Short Diffuser With 

1.2 

0, 10, 20, 25 

20° Rotated Lip 

Closed 


20° Rotated Lip 

0.9 

-5, 0, 10, 20, 30, 40 






0.6 

0, 10, 20, 30, 40 




17. 

Short Diffuser With 

1.2 

0, 10, 20, 25 

40° Rotated Lip 

Closed 


40° Rotated Lip 

0.9 

-5, 0, 10, 20, 30, 40 






0.6 

0, 10, 20, 30, 40 




18. 

Long Diffuser With 

1.4 

-5, 0, 5, 10, 15, 20 

Baseline 

Closed 


0° Rotated Lip 

1.2 

0, 10, 20, 25 

(0° Rotated Lip) 



(No Bleed) 

0.9 

-5, 0, 10, 20, 30, 40 






0.6 

0, 10, 20, 30, 40 







(No Sideslip Data) 




19. 

Long Diffuser With 

1.2 

20, 25 

20° Rotated Lip 

Closed 


20° Rotated Lip* 

0.9 

0, 10, 20, 30, 40 






0.6 

0, 10, 20, 30, 40 




20. 

Long Diffuser With 

0.9 

0, 20, 40 

40° Rotated Lip 

Closed 


40° Rotated Lip* 

0.6 

0, 20, 40 




21. 

Long Diffuser With 

0.9 

0, 10, 20, 30 

Baseline 

Closed 


0° Rotated Lip* 



(0° Rotated Lip) 


22. 

Lower Auxiliary Inlet 

1.2 

20, 25 

Baseline 

Lower Auxiliary Inlet 


With External Scoop* 

0.9 

0, 10, 20, 30, 40 

(0° Rotated Lip) 

Fully Open With 



0.6 

0, 10, 20, 30, 40 



External Scoop 

23. 

Lower Auxiliary Inlet 

0.9 

0, 20, 40 

Baseline 

Lower Auxiliary Inlet 


(Flush)* 
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0, 20, 40 
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Aft Ramp)* 



1 
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*Six probe total pressure rake installed in diffuser. 

•‘Sideslip angles of 5° and 10° tested at or-0° and 20° at Mach 0.9 unless noted. 

Configurations 19-24 have second ramp, throat slot and sideplate bleed. 
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Figure 4-3. 2-D Inlet Run Schedule 
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4.3 DATA REDUCTION - The major 'performance parameters computed were total 
pressure recovery, average turbulence, steady state distortion, inlet mass 
flow ratio, and inlet stable range. These parameters are defined below. 


Inlet Total Pressure Recovery (P^/Ptq) " The ratio of the average of 

the 48 steady state total pressure values measured at the engine face rake, 
divided by the freestream total pressure: 


p t 2 /p t 0 = is 


48 

,£ i (Pt./PVj 


Average Engine Face Turbulence 



The ratio of the average of the 


24 dynamic pressure probes root mean square (RMS) pressure deviations from 
the steady state total pressure level, divided by the average engine face 
total pressure. 


Pt rms _ _1 

p T 2 24 


24 

i=l 



PT 2SS ) 



/ p T 2 


Steady State Distortion - The spatial variation in total pressure 
measured at the engine face. Distortion levels were computed using the Pratt 
& Whitney F100 engine fan descriptor, K^. The technique used to compute K a ^ 

is presented in Figure 4-4. 


A screening limit was defined by the engine manufacturer as a function 
of the engine corrected airflow. The screening limit curve used in this data 
analysis is shown in Figure 4-5 as a function of percent design fan airflow. 


Distortion data results are presented in terms of the ratio of the 
steady state distortion level to the screening limit value. Ratios greater 
than 1.0 indicate distortion levels high enough to cause an engine surge or 
stall. Values between 0.9 and 1.0 are considered to be marginal situations 
and would require a stability audit using more rigorous methods involving 
time varient data. 


Inlet Stable Range (Supersonic) - Inlet stable range is defined as the 
mass flow range between the critical (maximum) inlet mass flow ratio and the 
mass flow ratio at which flow becomes unstable (buzz onset), divided by the 
critical mass flow ratio. 

Inlet Mass Flow Ratio - Inlet mass flow ratio is defined as the ratio of 
the mass flow entering the inlet duct at the cowl lip station to the mass 
•flow in a freestream streamtube whose area equals the inlet capture area. 
The mass flow entering the inlet duct is equal to the sum of the measured 
mass flow at the mass flow plug plus the mass flow through any bleed system 
aft of the cowl highlight. Sideplate and ramp bleed flows on the 2-D inlet 
are removed ahead of the cowl lip, and therefore are not considered part of 
the inlet mass flow ratio. By relating the duct mass flows to streamtube 
areas in the freestream, the mass flow ratio can be defined in terms of area 
ratios . 

Mass flow ratios used in this report are based upon the zero degree 
angle of attack inlet capture area. This simplifies the comparison between 
the baseline and rotated cowl lip configurations at angle of attack. 
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Fan Circumferential Distortion Descriptor 


Fan Radial Distortion Descriptor 



(q/P,J £7 


2 ref Ring = 1 Dring 

Where: 

j = Number of Rings (Probes Per Leg) 

D = Ring Diameter 

( —5_ \ = Reference Value of Engine Face 

P t I Dynamic Pressure Head, Function of 
2 ' ref Engine Face Mach Number. 

A N =V«*+b*. N = 1,2. 3,4 

Where: 

AQ K P,'V kAe) 
a w = — L - cos(NkAG) 

180 k = 1 (P, 2 /P, 0 ) 


ring 


With: 


AP t 


Where: 


p, = 


^ase 


ring 


P. /P, 
x 2 l 0 


2 base 


P* /p t = Ring Average Recovery 

t 2 t 0 
P ‘2 

faase = Reference Radial Profile, Function of 


A9 £ l V\,< R46 > . 


100 k«i (P,,'P, 0 ) 


sin (Nk A0) 


and 


p. /P t (k A0) = Local Recovery at Angle, k A0 
<2 l o 

(P, /p t )= Face Average Recovery 
*2 0 

K = Number of Rake Legs 

A0 = Angular Distance Between Rake Legs (deg) 

A n ] = Maximum Value for the Four Fourier 

N 2 /max Coefficients Calculated; Normally 
v ' Turns Out to Be A v 


Engine Corrected Airflow. 

'2 

b= Radial Distortion Weighting Factor, Function 
of Engine Corrected Airflow. 

P t = Freestream Total Pressure 

l o 

For High Response Data Only 
Where: 

(P t ) =jth Value of the Low Response Engine 
2 * Face Total Pressure (kPa) 

(DP, ) =jth Value of the Fluctuating Component 
2h i of the High Response Engine Face 
Total Pressure (kPa) 


K. = K e + bK r 

" a QR93-0155-20-R 

Figure 4*4. Summary of Distortion Descriptor Equations for the P&W F-100 Engine 



Figure 4-5. Distortion Screening Limit Curve 
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5. TEST RESULTS AND ANALYSIS 


5-1 2-D INLET PERFORMANCE - The 2-D inlet was tested in a short and a long 
diffuser configuration. The rotating cowl lip was tested extensively with 
the short diffuser. A limited amount of testing was also conducted using the 
long diffuser, to verify results. Auxiliary inlets were tested with the long 
diffuser hardware only. 

Each of these inlet designs was tested at Mach 0.6, 0.9, and 1.2. 

Because of the low Mach numbers, the second ramp angle was fixed at zero 

degrees relative to the first. This is equivalent to a single ramp 

configuration. 

Test data for the baseline and the 20° and 40° rotating cowl lip config- 
urations with the short diffuser were analyzed with a 2-D time-dependent 

Navier Stokes flow solver. This code uses a multiple zone approach to 

compute the flow field in two-dimensional inlets. The results are given in 
Section 5.1.2, to help explain flow phenomena observed in the tests. 

Performance for the baseline configuration with the short diffuser is 
presented first to provide a comparative standard by which all others can be 
judged. The baseline with the long diffuser is then evaluated. Typical 

results for the rotated cowls and auxiliary inlets follow. 

The operating point at which all inlet performance parameters are 
screened is defined to be the constant corrected airflow corresponding to 95% 
of the critical mass flow for the baseline configuration at zero degrees 
angle of attack, i.e., the corrected airflow remains constant along the inlet 
operating line and never changes with angle of attack. The critical mass 

flow of the inlet, however varies with Mach number, and hence the operating 

point becomes a function of Mach number. 

5«1*1 Baseline 2-D Inlet - The baseline configuration for the rotating 
cowl lip concept is chosen to be the short diffuser configuration, since the 
rotating cowls were tested rigorously with the shorter duct. A discussion of 
its performance is given below. The auxiliary inlet configurations required 
the use of the auxiliary inlet section, and hence the long diffuser 
configuration is chosen to be the baseline for those investigations. Its 
performance is also discussed below. 

Short Diffuser — The baseline with the short diffuser displayed good 
performance characteristics at low angles of attack. Engine face total 

pressure recovery was 98% at Mach 0.6 and a= 0.0°, Figure 5-1. Turbulence 
was only 0.006 at this condition. 

Inlet recovery decreased gradually with angle of attack to a level of 

0.89 at ex = 40 . Similarly, turbulence showed a gradual increase as the 

inlet angle of attack increased. However, distortion, computed as the ratio 
of the P&W K a2 factor divided by the limit K a value, increased with angle of 
attack up to a maximum of 41% of the limit value at a = 20°. Greater angles 

of attack result in decreased inlet distortion. Figure 5-2. The distortion 

screening assessment in Figure 5-2 indicates a large compatibility margin 
throughout the angle of attack maneuvering range. 
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Figure 5-2. Baseline 2-D Inlet Distortion 

Mach 0.6 


Total pressure contours generated from the engine face rake data provide 
insight into the pressure loss mechanism within the inlet. These contours 

are two dimensional topographical maps of the total pressure field, as viewed 

from upstream of the rake. The engine face contours at Mach O.b show that 

the primary sources of pressure loss are related to the boundary layer. 
Figure 5-3 shows these contours for angles of attack of 0°, 2(J°, and 40°. 
Ihe ramp side is at the top of these contours. At ot = 0°, most of the engine 
face displays 98% recovery or better. Boundary layer losses are evident 
around the outer circumference. 

Total pressure loss is greater on the lower (cowl lip) side of the con- 
tour plot. This indicates a possible boundary layer separation on the cowl 
lip. This region grows with increasing angle of attack. At a = 20°, it 
covers the ^bottom half of the engine face. This region continues to grow, 

until at 40° it affects the entire duct. 

Inlet performance at Mach 0.9 is similar to the Mach 0.6 results. One 
notable difference, however, is that recovery, turbulence, and distortion 
remain constant through 20 angle of attack rather than decreasing in this 

range. These results are evident in Figures 5-4 and 5-5. 
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Figure 5-3. Engine Face Pressure Recovery Contours 

2-D Inlet Baseline Configuration Short Diffuser 
M 0 = 0.6 
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Figure 5-4. Baseline 2-D Inlet Recovery and Average Turbulence vs Angle-of-Attack 
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Figure 5-5. Baseline 2-D Inlet Distortion 

Mach 0.9 


The Mach 0,9 engine face contours shown in Figure 5-6 confirm this 
trend. There is essentially no change in the contours in the angle of attack 
range from -5° to 20°. Cowl lip separation occurs between 20° and 30°, as 
evidenced by the lower recovery levels on the cowl lip side of the engine 
face contours. 

The 2-D inlet also performs well at Mach 1.2. Both recovery and turbul- 
ence remain constant at 97%/0.007 up to a = 25°, the highest angle of attack 
tested. Figure 5-7. The distortion screening ratio, K^/CK^ ) limit * Figure 
5-8, was just 50% of the limit value for the complete angles of attack range. 

The engine face contours in Figure 5-9 exhibit little evidence of cowl 
lip separation at Mach 1.2. Only at an angle of attack of 25° is separation 
indicated by a thickening of the boundary layer on the cowl side of the 
inlet. A thickening of the boundary layer on the ramp side of the inlet is 
evident in the engine face contours, indicating that boundary layer bleed 
should improve the performance slightly at Mach 1.2. 
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Figure 5-9. Engine Face Pressure Recovery Contours 

2-D Inlet Baseline Configuration Short Diffuser 



Baseline 2-D Inlet with Long Diffuser - A slight decrease in recovery is 
expected with the long diffuser configuration. Indeed, at Mach O.b, the addi- 
tional boundary layer growth results in a recovery level 1.5% to 2.5% below 
that of the short diffuser configuration. This effect is illustrated in 

Figure 5-10. The reason for this loss in recovery is due to additional 

boundary layer development in the long diffuser duct. The increased boundary 
layer growth is visable in the engine face contours of Figure 5-11. The 
addition diffuser length, however, served to attenuate total pressure 
variations, and therefore distortion for the long diffuser configuration was 
significantly below that of the short diffuser. Figure 5-12. Note that the 
distortion data at ct = 40° in Figure 5-12 was not available for analysis. 

Performance at Mach 0.9 shows a similar change in recovery, turbulence, 
and distortion with the long diffuser duct. The Mach 0.9 recovery again 
remains constant out to a = 20° and then begins to show a steady decrease at 
higher angles of attack, Figure 5-13. While total pressure decreased 
slightly, average turbulence was lower at angles of attack greater than 30°, 
indicating attenuation in the time-variant component of total pressure. 
Distortion also decreased by 10% across the angle of attack range tested. 
Figure 5-14. The boundary layer build up in the long diffuser is visible in 
the engine face contours of Figure 5-15. 

These same trends occur at Mach 1.2. A recovery loss of 1% relative to 
the Mach 0.9 results, shown in Figure 5-lb, is due to the bow shock in the 
flow field. Inlet distortion for Mach 1.2 is also less than that of the 
short diffuser, Figure 5-17. 
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Figure 5-10. Effect of Diffuser Length on 2-D Inlet Recovery and Average Turbulence 

M 0 = 0.6 
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Figure 5-12. Effect of Diffuser Length on 2-D Inlet Distortion 

Mach 0.6 
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Figure 5-17. Effect of Diffuser Length on 2-D Inlet Distortion 

Mach 1.2 


5.1.2 Rotating Cowl Lip Performance - Cowl lip rotation angles of 20° 
and 40° were tested with the short diffuser at Mach 0.6, 0.9, and 1.2. The 
corresponding angle of attack ranges were 0° to 40° at Mach 0.6, -5 to 40 
at Mach 0.9, and 0° to 25° at Mach 1.2. 

Mach 0.6 - The rotating cowl lip was effective in increasing recovery 

and decreasing turbulence at Mach 0.6. A rotation of 20° resulted in a 4% to 
8% increase in total pressure recovery at angles of attack of 20° to 40°, 
Figure 5-18. Turbulence was also reduced by a factor of 4 at a = 40°. 

The 40° rotated lip was not as effective as the 20° lip at angle of 
attack, but still showed a substantial recovery benefit over the baseline at 
the higher angles of attack. Turbulence was reduced by up to a factor of 2 
for this configuration. 

The results indicate the 20° rotated lip provides the best recovery at 
all angles of attack tested. 

Lip rotation generally results in little impact on the inlet distortion 
screening variable. Generally, a small increase occurs at angles of attack 
exceeding 30°, as shown in the Mach 0.6 data of Figure 5-19. Distortion 
levels for the 40° rotated lip are generally 5% higher than those for the 20° 
lip . 
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Figure 5-19. Effect of Rotating Cowl Lip on 2-D Inlet Distortion 

Mach 0.6 


The lower recovery and higher turbulence which occurs when the cowl lip 
is rotated from 20° to 40° is believed to be due to flow separation in the 
region of the cowl pivot, as suggested by the contour data in Figures 5-20 
and 5-21. This suspected separation on the 40° rotated lip configuration 
occurred at all angles at attack. The 20° rotated lip, however, showed no 
evidence of flow separation at the pivot. 

Mach 0.9 - The Mach 0.9 data on the rotated cowl lips provides the same 
trends as observed at Mach 0.6. Recovery, distortion, and turbulence are 

nearly constant over the angle of attack range for the rotated cowl, Figures 
5-22 and 5-23. In addition, the rotated lip performance is nearly identical 
at both of these two subsonic cases. This information suggests that while 
lip angle should be scheduled in relation to the local inlet angle of attack 
to maximize internal performance and compatibility, there is no need to 
schedule it with Mach number in the high subsonic speed regime of Mach 0.6 to 
0.9. 
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Figure 5*22. Effect of Rotating Cowl Lip on 2-D Inlet Recovery and Average Turbulence 

M 0 = 0.9 
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Figure 5-23. Effect of Rotating Cowl Lip on 2-D Inlet Distortion 

Mach 0.9 


Flow separation on the cowl lip is not as likely at Mach 0.9 as at Mach 
0.6, due to the higher Reynolds number. However, the low pressure region in 
the* engine face contours associated with the 40° rotated cowl lip occurs at 
both Mach numbers. The flowfield of the 40 rotated lip has small regions of 
flow separation throughout the angle of attack range, as illustrated in the 
0°, 30° and 40° angle of attack data of Figure 5-24. However, at 30 and 
40°, these are smaller than for the baseline (Figure 5-6). The 20° rotated 
lip configuration shows virtually no total pressure loss associated with the 
cowl lip up to ot = 40°, Figure 5-24. 

Mach 1.2 - At Mach 1.2, the rotated cowl lip concept shows no 
substantial benefit over the baseline inlet. Comparison demonstrates nearly 
constant recovery and turbulence levels over the angle of attack range, as 
shown in Figure 5-25. At an angle of attack of 25°, there was a 1% improve- 
ment in recovery with a cowl lip rotation angle of 20 • However, the 40 
rotated lip resulted in lower performance than the baseline, with a 1% loss 
in recovery over the entire angle of attack range. 

The rotated lip configurations also had only a small effect on 
turbulence. The 20° rotated lip reduced turbulence by about .002 while the 
40° rotated lip increased it by .002. 

At a freestream Mach number of 1.2, distortion increases slightly with 
cowl lip rotation angle, Figure 5-2b. However, the baseline and rotated cowl 
concepts are still substantially below the compatibility screening limit of 

1 . 0 . 
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Figure 5-25. Effect of Rotating Cowl Lip on 2-D Inlet Recovery and Average Turbulence 
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Figure 5-26. Effect of Rotating Cowl Lip on 2-D Inlet Distortion 

Mach 1.2 


Summary - The rotated cowl lip concept provides one approach to 
substantial performance improvement during subsonic maneuvering and is 
expected to provide increased benefits for concepts with sharper cowl lips. 
The scheduling of cowl rotation would be independent of the subsonic Uach 
number in the range 0.6 to 0.9, and would be controlled to return to a 
baseline cowl orientation at sonic or supersonic speeds. The data from this 
test also suggests that up to 40° angle of attack, 20° of cowl rotation is 
sufficient. The scheduling may also have to consider the external cowl drag 
in addition to internal performance benefits. 

If angles of attack beyond 40° are desired, a more gradual curvature in 
the contour near the theoretical pivot would likely be required to prevent 
flow separation. A combination of translation and rotation in the cowl 
position could minimize the local flow turn angle. 

Comput ational Results - As previously mentioned, a 2-D Wavier Stokes 
code was used for analysis of the rotated lip configurations to gain a better 
understanding of the inlet flowfield. The flow solver uses a multiple zone 
approach to compute the complete flow field, including the viscous boundary 
layer region. Reference 2. The zone partitioning for a typical inlet 
configuration is illustrated in Figure 5-27. The computational space is 
split into four separate zones. This provides for increased grid resolution 
in areas of high flow turning, such as the cowl leading edge. Zone 
boundaries are identified in each figure of computed data. 
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Figure 5-27. Computational Zones for Inlet Analysis 


This flow solver was used to obtain solutions for the baseline, 
20°, and 40° rotated cowl lip configurations. The short diffuser geometry 
was used in all three cases. Flow field solutions were obtained for each 
configuration at 0° and 20° angle of attack at a freestream Mach number of 
0.6. The mass flow was specified for each case such that it resulted in a 
constant corrected airflow equal to the operating point in the test data 
previously shown. Each case was run using the same freestream conditions 
tested in the wind tunnel. 

Computational Predictions, Baseline Inlet - The experimental contour 
data at Mach 0.6 (see Figure 5-3) indicated that there may be a region of 
internal separated flow on the cowl side of the baseline inlet. Analytical 
predictions of the flow field about the baseline inlet at Mach 0.6 and a — 0 
confirm the separation. The analytical results, illustrated in the Mach 
number contours and flow vector diagram of Figure 5-28, indicate that a 
separated region does exist in the cowl lip region. The closeup of the cowl 
lip velocity vectors shows that the separated region is located near the lip 
leading edge. The stagnation point lies just below the highlight. The flow 
above the stagnation streamline must therefore turn around the lip leading 
edge; this turning cannot be supported, and the flow separates immediately 
after the highlight. 

When the angle of attack is increased to 20°, the stagnation streamline 
moves further downstream on the external cowl surface. This causes increased 
flow acceleration around the cowl lip, and hence the separation region on the 
interior surface grows significantly. A thicker boundary layer on the cowl 
side of the inlet is visible in the Mach contours of Figure 5-29. The 
increased boundary layer is in the throat region of the inlet, and therefore 
the effective flow area decreases. There is sufficient boundary layer in the 
throat such that the flow chokes, and a normal shock forms in the diffuser 
section. Recovery is further decreased by boundary layer separation on the 
ramp side due to the presence of this shock. 

Hence we can see that separation induced by the flow acceleration around 
the leading edge of the cowl lip causes a cascade of effects which serve to 
decrease the overall performance of the inlet. The next step of this 
analytical study was to determine how the rotated lip affects the inlet flow 
field to improve performance. 
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Figure 5-28. Baseline Configuration, Computed Flowfield 

M 0 = 0.6 a = 0° 
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Figure 5-29. Baseline Configuration, Computed Fiowfield 

M 0 = 0.6 a = 20° 
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Computational Predictions, 20 Rotated Cowl Lip Configuration - Results 
of the 20° rotated cowl lip calculations show that the small region of 
separation visible in Figure 5-28 is eliminated by rotating the cowl lip 
downward and placing the stagnation streamline on the internal side of the 
cowl. Close inspection of the velocity vector plot in Figure 5-30 reveals 
that the stagnation point lies just above the highlight. This results in 
smooth flow on the internal side of the cowl lip with very little boundary 
layer growth. However, in this a = 0° case, the flow spilling around the 
leading edge cannot make the turn, resulting in separation outside the inlet. 
Although this region has no effect on inlet performance, it would affect cowl 
drag. Very little total pressure loss is indicated inside the inlet however, 
and the computed recovery compares well with experiment. Figure 5-30. 

The flow field solution for the 20° rotated lip at a = 20° indicates 
that angle of attack performance can be improved through cowl rotation. 
There is attached flow everywhere on the cowl lip because the stagnation 
streamline is located on the cowl leading edge. Figure 5-31, and therefore 
the boundary layer growth present in the baseline case at angle of attack 
(Figure 5-29) is eliminated. Hence the throat does not choke and a normal 
shock does not form in the diffuser. These flow improvements are a direct 
result of the attached flow at the cowl lip. In addition, there is no 
external spill or separation due to spill, and therefore the drag penalty for 
the cowl rotation is minimal. 

Computational Predictions, 40 Rotated Cowl Lip Configuration - The flow 
field solution of the 40° rotated lip at a = 0° is similar to that for the 
20° lip in that the flow aligns itself with the internal cowl surface without 
separating near the leading edge. Figure 5-32. However, a new separation 
region formed at the knee of the rotated lip. The 40° turn from the cowl 
surface into the inlet throat is too great for the flow to remain attached. 
It is this excessive flow turning which is responsible for the poor total 
pressure recovery evident at the bottom of the engine face contour in 
Figure 5-20. 

In addition to this internal separation, a large external region of 
separated flow is visible behind the rotated cowl. Figure 5-32. This is due 
to the placement of the stagnation streamline on the interior cowl surface, 
and the resulting flow expansion around the leading edge. There would be a 
drag penalty associated with this overrotation at small angles of attack due 
to this recirculation. 

The flow field solution for the 40° rotated cowl lip at a = 20° 
identifies the same internal separation problem at the knee as in the 
ct— 0 case. This is evident in Figure 5-33. Therefore the radius of 
curvature at the knee of this cowl lip is too small at any angle of attack. 
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Figure 5*30. 20° Rotated Lip Configuration, Computed Flowfleld 

M 0 = 0.6 a = 0° 
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Summary of Computational Results - These computations illustrate that 
close attention must be given to the amount of flow turning at both the cowl 
highlight and the pivot point of the cowl lip. At supersonic Mach numbers, 
the cowl lip is usually designed so that it is closely aligned with the last 
compression ramp. At subsonic Mach numbers, however, the stagnation 

streamline would fall below the highlight, causing the flow separation seen 
in Figure 5-29. A fixed cowl lip designed for supersonic operation will 
therefore be susceptible to performance loss subsonically . This indicates 
the need for cowl lip rotation at angle of attack. However, overrotation can 
cause internal flow separation at the knee as seen in Figure 5-33. 

For any rotating cowl lip design to achieve optimum performance, there 
must be a proper balance between the elimination of lip separation and 
preventing the onset of separation at the cowl lip knee. This may 
necessitate a large pivot point radius or a translating/rotating lip design 
to maximize the flow turning angle. The increased weight associated with the 
latter would have to be carefully balanced against the resulting performance 

improvements before making the final design choice. 

Verification of Code Accuracy - The accuracy of the flow field solutions 
was assessed by comparing the analytically predicted pressures on the cowl 
lips to the experimentally determined surface pressures. Two cases are of 
particular interest, the Baseline configuration at a * 20°, and the 40° 
rotated lip configuration at a - 0°. A comparison of the predicted and 

experimental cowl lip surface pressures is shown for these two cases in 
Figure 5-34. In both solutions, note that the code accurately predicted the 
location and pressure level of the stagnation point. Of particular interest 
is that the surface pressures on the Baseline cowl, both internally and 
externally, show excellent agreement with experiment, even though there is 
significant flow separation internally (see Figure 5-29). 

On the 40° rotated cowl lip, the internal predicted pressures also 
compare well with the wind tunnel data, Figure 5—34. However, there is a 
significant difference between test and prediction on the external side of 
the cowl. Recall that there is severe flow recirculation in this region 

(Figure 5-32). This occurance is predicted by the code, though the actual 
pressure level is less reliable. The reason for this discrepancy can be 

understood by a more detailed examination of the surface pressure ratio 
plotted in Figure 5-34. 

The local static pressure divided by the freestream total pressure can 
be divided up in the following way: 

^local _ ^local ^local 

PT local P To 

The first factor in the above is only a function of the local Mach 
number; the second is simply the local total pressure recovery. The lower 
predicted pressures of Figure 5-34 are due to the tendency of the code to 
overpredict the local toal pressure loss in regions of highly separated flow. 
However, the fact that the code is able to predict the occurance and location 
of these recirculation zones makes it a highly useful design and analysis 
tool. 
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Figure 5-34. Comparison of Predicted and Experimental Cowl Lip Static Pressures 

M 0 = 0.6 
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5.1.3 2-D Auxiliary Inlet Performance - Three auxiliary inlet 
configurations were tested on the lower side of the 2-D inlet model. The 
first configuration had an auxiliary inlet which was flush with the bottom of 
the inlet. The second configuration, which was also flush, had a new geome- 
try on the aft ramp of the auxiliary inlet* This was the elliptical ramp 
mentioned in Section 3.1.2. The final concept included an external scoop. 
Testing was conducted at Mach numbers of 0.6 and 0.9. Recall that the 
baseline inlet for these investigations is the long diffuser configuration. 

Mach 0.6 - The Mach 0.6 testing shows that auxiliary inlets provide a 
small performance improvement at very high angles of attack. These results, 
shown in Figure 5-35, also include the baseline inlet with a bleed system for 
comparison. The auxiliary inlet with external scoop has the best performance 
of all the auxiliary inlet concepts. At the highest angles of attack, it 
increases recovery 4% over the baseline inlet. The flush auxiliary inlets 
had recovery levels approximately 1% below that of the external scoop. The 
performance of the two flush auxiliary inlet configurations were nearly 
identical in both recovery and turbulence, indicating that the aft ramp 
geometry did not have a great impact on auxiliary inlet performance. 

Mach 0.9 - Opening auxiliary inlets at Mach 0.9 reduced 2-D inlet 
performance. This decreased inlet recovery by 2% and increased turbulence by 
30% at all angles of attack. Figure 5-36. The external scoop provided no 
significant performance benefit over the flush auxiliary inlet 
configurations. 

At Mach 0.9, the external static pressure is less than the internal 
static pressure, and this may result in reverse flow through the auxiliary 
inlets. In addition, the baseline 2-D inlet performance is so high that the 
total pressure losses through the auxiliary inlets may be greater than 
through the main inlet duct. 

Mach 1 . 2 - A very limited amount of testing was conducted on the 
external scoop configuration at Mach 1.2, using angles of attack of 20 and 
25°. The external scoop decreased inlet performance at this speed as well. 
No other 2-D auxiliary inlet configurations were tested at Mach 1.2. 
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Figure 5-35. Effect of Opening Auxiliary Inlets on 2-D Inlet Recovery and Average Turbulence 
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Figure 5-36. Effect of Opening Auxiliary Inlets on 2-D inlet Recovery and Average Turbulence 



-^•2 AXISYMMETRIC INLET PERFORMANCE - Rotating cowl lip and auxiliary inlet 
tests were performed with the MCAIR 10% scale axisymmetric inlet A 
retracted centerbody was also investigated. Testing was conducted at Mach 
numbers of 0.6, 0.9, 1.2, and 1.4. 

Performance trends at Mach 0.6 and 0.9 are very similar, as are Mach 1.2 
and 1.4 results. Results at Mach 0.9 and 1.4 will therefore be used to 
summarize typical subsonic and transonic performance trends. 

5*2.1 Baseline Axisymmetric Inlet Performance 

t '- ac ^ 1 Performance - The baseline configuration performed reasonably 

well at angles of attack from 0° to 20°. Total pressure recovery varied from 
0.965 to 0.935 over this angle of attack range, Figure 5-37. Average 
turbulence was also relatively low, remaining essentially constant at 0.01. 

At angles of attack beyond 20° the performance of the axisymmetric inlet 
decreased rapidly. 

Steady state distortion levels were 43% to b5% of the limit over the 
range as illustrated in Figure 5-38. The distortion levels increased with 
angle of attack up to 30°. Above 30°, the separated flow completely filled 
the inlet and distortion reached a maximum, thereafter remaining essentially 
constant. J 


The engine face total pressure recovery contour plot for a = 0°, shown 
in Figure 5-39, indicates that the primary sources of inlet distortion were 
the three struts supporting the centerbody, as well as boundary layer 
development along the diffuser duct. The locations of the struts are shown 
in the contour plot at a = 0°. The effects of the strut wakes are clearly 
seen on the pressure contours. 

The a = 0 contour plot also shows a large pressure gradient near the 
outer wall of the duct. This is a result of the boundary layer growth along 
the duct walls. There is no evidence of a large boundary layer buildup along 
the inlet centerbody. This is possibly due to the expansion of the flow on 
the downstream end of the centerbody. 

The baseline subsonic performance declined rapidly at angles of attack 
greater than 20 . The rapid loss in recovery and increase in turbulence at 
high angles of attack is typical of other axisymmetric inlet test results. 

In the 20° to 40° angle of attack range, the flow separated over the 
cowl lip resulting in large total pressure losses on the lower cowl. The 
corresponding decrease in total pressure recovery on the lower half of the 
engine face can be seen in the a = 20° contour of Figure 5-39. However, just 
above the hub recovery remained in the 98% to 100% range at 20° angle of 
attack, indicating the absence of separation off the centerbody up to this 
value. 

Decrease in inlet performance up to 20° angle of attack appears to be 
due solely to cowl lip separation. However, at a = 40°, separated flow off 
the cowl lip and centerbody completely spanned the engine face height. 
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Figure 5-37. Baseline Axisymmetric Inlet Recovery and Average Turbulence vs Angle-of-Attack 

M 0 = 0.9 
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Mach 1.4 Performance - The recovery of the baseline inlet was 0.94 at 
a= 0°, and remained constant up to a = 15°, Figure 5-40. There was an 
additional 2% loss at a = 20°. The lower recovery at Mach 1.4 is simply due 
to the conical shock attached to the centerbody cone. The sonic line down- 
stream of the shock was predicted to lie just inside the cowl lip, and 
therefore the inlet at Mach 1.4 performs in a similar fashion as in the Mach 
0.9 case, except for the additional shock loss. 

The total pressure field produced by the inlet at the engine face is 
Y 0 i*y similar to the Mach 0.9 case. The only difference is that the recovery 
is uniformly decreased over the entire engine face. This becomes evident by 
comparing the contours of Figure 5—41 to 5—39. This observation is 
consistent with the above assumption that the only additional pressure loss 
mechanism is the conical shock attached to the centerbody. 

Inlet distortion at Mach 1.4 Is a weak function of angle of attack, 
increasing from 32% to 43 % of the limit through an alpha range of 0 to 20 • 
These results are shown in Figure 5-42. 

5.2.2 Rotating Cowl Lip Effects - Cowl lip rotation angles of 20° and 
40° were tested over a Mach range of 0.6 to 1.4. Additionally, a configura- 
tion simulating the rotated lip in the retracted position was tested. This 
was to quantify the effects of retracted sideplates on the otherwise baseline 
configuration arrangement. 

Mach 0.9 Results - The 20° rotated lip provided the best performance 
over the entire angle of attack range tested. Recovery and turbulence 
characteristics are the same as the baseline inlet out ^to u — 15 , Figure 

5-43. However, performance remains constant out to 25° angle of attack, 
while the baseline performance above 15° angle of attack begins to decline 
rapidly. 

The 20° rotated cowl lip improves performance significantly at angles of 
attack greater than 20°. The recovery level at a = 40° was increased 20%, 
Figure 5-43. Turbulence was also reduced by 50%. 

Rotating the lip 40° degrades inlet performance at low angles of attack. 
From 0° to 25°, recovery is 2% to 4% lower than the baseline. Turbulence is 
60% to 80% higher than the baseline level. Thus, overrotation of the lip at 
low angles of attack decreases inlet performance. 

The 40° rotated cowl lip has higher recovery and lower turbulence than 
the baseline inlet above 25° angle of attack. However, the 40° cowl lip 
performance is lower than the 20° lip at all angles of attack. At angles of 
attack above 30°, the rate of recovery loss is less. Based upon the data 
trends in Figure 5-43, the 40° lip would outperform the 20° lip above 40 
angle of attack. These results indicate that optimum performance is achieved 
by setting the lip rotation angle to values substantially less than the inlet 
angle of attack. 

Steady state distortion is reduced at high angles of attack by rotating 
the cowl lip. Distortion was reduced nearly 20% at o = 40 with the 20 and 
40° rotated lip, Figure 5-44. The decrease in distortion is mainly a result 
of reduced flow separation around the cowl lip and centerbody. At low angles 
of attack, where there is no lip separation problem, the rotated lip tends to 
destroy the flow symmetry of the baseline inlet. Figure 5—45. 
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Figure 5-40. Baseline Axisymmetric Inlet Recovery and Average Turbulence vs Angle-of-Attack 











Figure 5-44. Effect of Rotating the Cowl Lip on Axisymmetric Inlet Distortion 
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Figure 5-45. Comparison of Axisymmetric Inlet Engine Face Pressure Recovery Contours 

Baseline and Rotated Cowl Configurations M 0 = 0.9 a = 0° 
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Engine face total pressure contours indicate that the rotated lips may 
induce flow separation at small angles of attack and reduce it at high angles 
of^ attack. Figure 5-45 shows pressure contours for the baseline, 20°, and 
40° lips at a = 0°. Lower total pressures prevail on the lower half of the 
engine face of the rotated lips. Average recovery levels are correspondingly 
lower. This indicates separation at the knee of the rotated cowl, similar to 
that encountered in the 2-D inlet. As illustrated by the pressure contours 
in Figure 5-46, the cowl lip of the baseline inlet at a = 40° is completely 
separated. The rotated lips, however, do not show this severe separation. 

The 20° and 40° rotated lips discussed thus far had a slightly blunter 
cowl lip than the baseline. In order to determine the effect of this cowl 
lip geometry, the 40 rotated lip was tested using the sharper contour of the 
baseline axisymmetric inlet at 0°, 20°, and 40° angles of attack and a free- 
stream Mach number of 0.9. Figure 5-47 indicates nearly identical recovery 
and turbulence levels between the two lip contours. The shape of the lip 

therefore does not have a great impact on inlet performance within the range 
of these tests • 
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Figure 5-46. Comparison of Axisymmetric Inlet Engine Face Pressure Recovery Contours 

Baseline and Rotated Cowl Configurations M 0 = 0.9 a = 40° 
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Figure 5-47. Effect of Blunt and Sharp Highlights on 40° Rotated Lip Recovery 

and Average Turbulence 

M 0 = 0.9 





— — ^ — Results The rotated lip was not effective in improving the 

angle of attack performance of the axis yrame trie inlet at Mach 1.4. The 
recovery of the 20° rotated lip was generally 1% to 2% below that of the 
baseline inlet, Figure 5-48. Turbulence, however, was not increased with 
this configuration. At a 20° angle of attack, the recovery levels of the 
baseline and 20 rotation configurations were nearly equal. Based on the 
slopes of the recovery curves at a = 20°, the 20° rotated lip may outperform 
the baseline inlet at higher angles of attack. 

^ COwl lip rotation angle of 40° decreased the baseline inlet recovery 

by 5% across the angle of attack range tested. Turbulence also increased 

significantly, Figure 5-48. 

The suspected reasons for the decrease in performance are increased 
shock losses. The 40° rotated lip would penetrate the conical shock. 

Therefore, a bow shock is generated from the rotated cowl lip, which accounts 
for the^ sharp decrease in total pressure recovery and increase in turbulence. 
Higher ilach numbers would result in a continual decrease in recovery. Hence 
at supersonic speeds, bow shocks generated by the rotated cowl eliminate any 
benefits of this particular rotated lip design. 

Retracted Sideplates R e sults - Mach 0.9 - Rotating the cowl lip does not 
improve performance at low angles of attack and may increase inlet drag. 
Therefore, the rotated lip should not be deployed at low angles of attack. 
The intent of the retracted sideplates configuration was to determine the 
effect of retracting the rotating cowl lip sideplates into the throat region 

of the inlet at low angles of attack. 

Retracting the sideplates reduces the inlet throat area, due to physical 
blockage and the effects of boundary layer buildup on the retracted side- 
plates. In addition, the centerbody cone acts to turn the flow radially 
outward. However, the sideplates are located such that they contain the flow 
on the lower half of the centerbody. This gives a smaller effective throat 
area, resulting in a choked throat condition at a lower mass flow than 
anticipated from the blockage calculations. While the actual throat area 
decreased only 1.5%, the actual choking mass flow was reduced 2.5%. 

The recovery loss with the retracted sideplates in the throat region is 
3% at small angles of attack. This is illustrated in Figure 5-49. The 
viscous wake of the retracted sideplates is a significant contributor to this 
loss. The wake is clearly visible in the engine face contour, Figure 5-50. 

The sideplate effect diminishes with increasing angle of attack due to 
flow separation off the cowl lip. At a = 40°, the separation effectively 
masks the sideplate losses, Figure 5-50, 
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Figure 5-49. Effect of Retracting Sidepiates Into the Axisymmetric Inlet Throat 

M 0 = 0.9 
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Figure 5-50. Axisymmetric Inlet Engine Face Pressure Recovery Contours 

Retracted Sideplates Configuration M 0 = 0.9 


Mach 1.4 Performance - The performance of the axisymmetric inlet with 
retracted sideplates was much lower at Mach 1.4 than at Mach 0.9. Figure 
5-51 shows a 5% drop in recovery, as opposed to only a 3% loss at Mach 0.9. 
The reason is a change in the centerbody position at Mach 1.4. At subsonic 
Mach numbers, the centerbody is in the Mach 0.0 (aft) position. The 
sideplates are approximately triangular, as shown in Figure 5-52. The point 
where the centerbody first reaches its maximum radius is well aft of the 
height of the sideplates. The cross section at this point (AA) has a 
blockage ratio of 0.418, where the ratio is defined as the cross sectional 
area of the centerbody and sideplates divided by the area enclosed by the 
outer circumference of the duct. This provides ample room for the viscous 
wake of the sideplates to travel past the centerbody. 
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Figure 5-51. Effect of Retracting Sideplates Into the Axisymmetric Inlet Throat 

M 0 =1.4 
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Figure 5-52. Blockage Ratios for the Two Axisymmetric Inlet Centerbody 
Positions With Retracted Sideplates 


At Mach 1.4, the centerbody is moved forward. The point where the 
centerbody first reaches its maximum radius roughly coincides with the point 
of maximum height of the sideplates (BB). This results in a maximum 
sideplate blockage ratio of 0.451. Boundary layers consume the area between 
the centerbody and the sideplates. 

Consequently, the wake of the sideplates is not seen on the engine face 
contour. Figure 5-53. The area of poor pressure recovery has increased, 
leaving a small high pressure region just below the hub, between the side- 
plates. These effects tend to isolate flow on the lower half from the upper 
half of the inlet. As a result, there are two high pressure pockets, one 
above and one below the hub. 
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Figure 5-53. Axisymmetric Inlet Engine Face Pressure Recovery Contours 

Retracted Sideplates Configuration M 0 = 1.4 


5.2.3 Auxiliary Inlet Effects — The purpose of the auxiliary inlets is 
to reduce the mass flow through the main inlet. This would reduce the flow 
velocity about the cowl lip. If this effect were achieved, it would decrease 
the severity of cowl lip separation, improving inlet angle of attack perform- 
ance. 


Several axiliary inlet configurations were evaluated to improve the 
angle of attack performance of the axisymmetric inlet. Auxiliary inlet 
location and throat area were varied to determine the effect of these 
parameters. 

Three configurations were tested: (1) lower auxiliary inlets open 100%, 

(2) upper auxiliary inlets open 100%, and (3) upper and lower auxiliary 
inlets each open 50%. The configurations were screened at Mach 0.9 and Mach 

1.4. 
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Lower Auxiliary Inlets Open 100% - Mach 0.9 — Performance of this 
auxiliary inlet concept below 30 u angle of attack is generally below that of 
the baseline configuration. At the highest angle of attack, only the lower 
auxiliary inlet configuration provides more than a 5% improvement in 
recovery, as shown in Figure 5-54. However in the 30° to 40° range, distor- 
tion increases, indicating a potential engine compatibility problem at high 
angles of attack. Figure 5-55. 



Figure 5*54. Effect of Opening Auxiliary Inlets on Axisymmetric Inlet Recovery 

and Average Turbulence 

M 0 = 0.9 
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Figure 5-55. Effect of Opening Lower Auxiliary Inlets 100% on Axisymmetric Inlet Distortion 

Mach 0.9 


The engine face contour provides insight into the operation of this 
inlet with lower auxiliary inlets. The contour for the auxiliary inlets open 
100% at 0° angle of attack, Figure 5-56(b), is very similar to the baseline 
inlet. Figure 5-56(a). The three low pressure wakes off the centerbody 

struts are visible as in the baseline. The engine face contour at a = 20°, 
shown in Figure 5-57(b), is also very similar to the baseline contour. This 
indicates that there isn't a significant benefit for the auxiliary inlet up 
to 20° angle of attack. 

The lower auxiliary inlets improve recovery performance at a = 40°. 

Recovery is increased by the high energy air entering the inlet through the 
auxiliary inlets. This results in the high total pressure evident on the 

lower half of the pressure contour in Figure 5-58(b). The upper half of the 
engine face has a relatively lower total pressure level; this is caused by 
separation on the leeward side of the centerbody. The combined effect of 
this imbalance is to produce the high distortion for lower auxiliary inlets, 
which is evident in Figure 5-55. 

Upper Auxiliary Inlets Open 100%, Mach Q.9 — The upper auxiliary inlet 
configuration has the lowest recovery performance of all the axisymmetric 
auxiliary inlet concepts. Total pressure recovery was 3 to 5% below baseline 
levels across the angle of attack range tested. Figure 5-54. 

The engine face contour, Figure 5-56(c), identifies the upper half of 
the engine face as the region of decreased recovery. At angle of attack, the 
external flow separates from the inlet nacelle rather than enter the upper 
auxiliary inlets. This renders upper auxiliary inlets ineffective for high 

angle of attack. 
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Figure 5-57. Comparison of Axisymmetric Inlet Engine Face Pressure Recovery Contours 

Auxiliary Inlet Configurations M 0 = 0.9 a = 20° 
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Upper and Lower Auxiliary Inlets Open 50%, Mach 0.9 - The performance of 
this configuration fell between the upper auxiliary inlet and lower auxiliary 
inlet configurations. All performance parameters, with the exception of 
inlet distortion, indicate that the effects of each auxiliary inlet location 
are averaged when all inlets are open. At a = 0°, the viscous wake of the 
lower strut is visible in Figure 5-56(d). This is similar to the case with 
lower auxiliary inlets open 100%, see Figure 5-56(b). 

The ram effect of the lower inlets is visible at a = 4(j°, Figure 
5-58(d). This, however, does not offset losses from the upper inlets, so 
that overall recovery is still lower than the baseline. 

Lower Auxiliary Inlets Open 100%, Mach 1.4 - As in the case of the 
rotating cowl designs, supersonic Mach numbers tend to complicate the 
flowfield so that auxiliary inlets substantially decrease the overall 
performance of the inlet. There was no performance benefit of auxiliary 
inlets at any angles of attack tested at Mach 1.4. Recovery decreased 9% at 
most angles of attack, as shown in Figure 5-59. Distortion was also 
increased at this condition. The engine face pressure contours were similar 
to those of the baseline at angle of attack. 

Upper Auxiliary Inlets Open 100%, Mach 1.4 - In the supersonic case, 
recovery is decreased substantially with the upper auxiliary inlets open. 
There is no ram effect with this configuration, so performance drops off 
rapidly with angle of attack. Figure 5-59. The engine rake contour indicates 
some separation off the lower cowl lip. Hence, the velocity of the mass flow 
at the inlet plane was not low enough to avoid the lip separation observed in 
the baseline case. 

5.2.4 Retracted Centerbody Results — Flow separation from the center- 
body cone was identified earlier as a potential inlet loss mechanism at very 
high angles of attack. The axisymmetric inlet model was tested at Mach 0.9 
with a retracted centerbody to determine if it would delay flow separation. 
It was tested at 0°, 20°, and 40° angles of attack. 

Test data shows this concept does improve inlet performance at angles of 
attack greater than 20°. Recovery levels, shown in Figure 5-60, are 3% 
higher than those of the baseline at cx = 40°. Average turbulence was also 
reduced by 33%. However, this concept increases inlet distortion above 
a = 20°, where recovery and turbulence characteristics are improved, Figure 
5-61 • 

With the retracted centerbody configuration at a = 40°, the distortion 
level rose from 64% to 84% of the limit value. This increase is due pri- 
marily to an increase in the circumferential component of distortion. The 
engine face contour plot for the retracted centerbody. Figure 5-62, indicates 
that while the radial component may have decreased, circumferential distor- 
tion is large enough to result in a total distortion increase. 
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Figure 5-59. Effect of Opening Auxiliary Inlets on Axisymmetric Inlet Recovery 

and Average Turbulence 
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Figure 5-61. Effect of Retracting Centerbody on Axlsymmetric Inlet Distortion 
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Figure 5-62. Comparison of Baseline and Retracted Centerbody Axisymmetric Inlet 
Configuration Total Pressure Recovery Contours 





5.3 COMPARISON OF COMPETING CONCEPTS - The test results presented in 
Sections 5.1 and 5.2 suggest that of the two primary flow improvement con- 
cepts tested, the rotating cowl lip is superior to the auxiliary inlet 
design for both 2-D and axisymmetric inlets. The auxiliary inlets tested in 
this program provided marginal performance improvement only at very high 
angles of attack and Mach numbers 0.6 and 0.9. Conversely, cowl lip rotation 
was found to be an effective means to improve inlet performance at all 
subsonic Mach numbers tested. In fact, the test data indicates that it may 
be possible to attain a constant total pressure recovery performance across 
the angle of attack range from 0° to 40°. 

The 2-D inlet model displayed higher performance characteristics than 
the axisymmetric inlet at all angles of attack and Mach numbers. A compari- 
son between the baseline axisymmetric and 2-D inlets is shown in Figures 
5-63, 5-64 and 5-65 for Mach numbers of 0.6, 0.9, and 1.2, respectively. The 
recovery for both inlets begins to decrease at an angle of attack of approxi- 
mately 20°. However, the loss in the 2-D inlet recovery is more gradual than 
that of the axisymmetric inlet. 

This recovery benefit is inherent in the inlet design by virtue of the 
overhead compression ramps and the 2-D cowl lip. The 2-D overhead ramp 
serves to turn the flow into the inlet plane, while the centerbody cone of 
the axisymmetric inlet may be separated on its leeward side, thus causing 
reduced angle of attack performance. Also, the cowl lip of the 2-D inlet is 
more contoured than the axisymmetric cowl, thus reducing the potential for 
separation on the cowl surface. 

At small angles of attack, the recovery of the 2-D inlet is 1 to 2% 
higher than that of the axisymmetric inlet. The cause is most likely the 
greater duct length of the axisymmetric inlet. The recovery values of the 
2-D inlet with the long diffuser at small angles of attack are comparable to 
those of the axisymmetric inlet. Figures 5-13 and 5-37. However, the angle 
of attack performance of the 2-D inlet with the long diffuser remains 
significantly higher than that of the axisymmetric inlet. 

The 2-D inlet with 20° rotated lip has superior performance compared to 
the axisymmetric inlet with the same lip rotation. Figures 5-66, 5-67, and 
5-68 compare the axisymmetric and 2-D inlets with the 20° rotated cowl lip 
for Mach numbers of 0.6, 0.9, and 1.2. 

In addition to increased recovery and turbulence performance, the 20° 
rotated cowl lip reduced peak dynamic distortion by 50% at a = 40°, Figure 
5-69. While the baseline inlet displayed a compatibility problem in the 
higher angle of attack range, the 20° rotated lip configuration achieved a 
constant peak dynamic distortion level of 0.35. 

The rotated cowl lip concept has considerable appeal with respect to 
axiymmetric inlets because the performance is so dramatically improved at 
angle of attack. However, this concept on the axisymmetric inlet does have 
the disadvantage of requiring that the sideplates retract into the inlet 
duct. 
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The rotated lip does not seem as beneficial on the 2-D inlet only 
because its baseline performance was already high relative to axisymmetric 
inlets. With the 20° rotated cowl lip, the 2-D inlet recovery and turbulence 
levels were invariant with model angle of attack from Mach 0.6 to 1.2. This 
is in contrast to the axisymmetric case, where the break in recovery was only 
delayed to a = 30°. The 2-D inlet also has the considerable benefit of easy 
mechanical implementation. 

The exceptional performance of the 2-D inlet with the blunt rotating 
cowl lip suggests that it may be possible to design an inlet with a sharp 
cowl lip for low drag at supersonic speeds, and yet maintain the required 
maneuvering performance in the subsonic/ transonic regime. 
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Figure 5-69. Peak Dynamic Distortion for the Baseline and 20° Rotated Lip Configurations 
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6. CONCLUSIONS 


The purpose of this test program was to evaluate flow improvement 
concepts designed to improve the subsonic/transonic maneuvering performance 
of 2-D and axisymmetric inlets. Two methods were tested extensively: a 

rotating cowl lip design and auxiliary inlets. A retracting centerbody was 
also tested on the axisymmetric inlet. Testing was conducted over a Mach 
number range of 0.6 to 1.4. Conclusions and recommendations can be summa- 
rized as follows: 

1. Of the two concepts tested, the rotated lip design was superior. It 
was effective for both 2-D and axisymmetric inlets. 

2. Tests were conducted on 20° and 40° cowl lip rotation angles. The 

20° angle provided the best performance for both the 2-D and 
axisymmetric inlets. Recovery levels at 40° angle of attack were 
improved with the 20° rotated lip by 7.5% for the 2-D inlet and 20% 
for the axisymmetric inlet. Turbulence levels were reduced by a 

factor of 4.5 and 2.3 respectively. 

3. The rotating cowl lip design tested on the axisymmetric inlet in 

this program requires that the sideplates retract into the inlet 
throat. This decreased recovery by 3% at Mach 0.9 and a = 0°. 

4. The cowl lip contour did not have a great impact on the 40° rotated 

lip configuration. The location of the stagnation point on the cowl 
was the principle variable effecting inlet performance. 

5. The auxiliary inlet concepts were not effective in improving inlet 

angle of attack performance in the Mach 0.6 to 0.9 range. This was 
the case for both the 2-D and axisymmetric inlets. Auxiliary inlets 
on the lower side of the inlet provided marginal performance improve- 
ment at very high angles of attack. 

6. An external scoop provided a small performance improvement over the 

flush auxiliary inlet on the 2-D inlet. 

7. Neither of the two flow improvement concepts were effective at 

supersonic Mach numbers. 

8. Retracting the centerbody on the axisymmetric inlet provided 

slightly better inlet performance at angles of attack above 20°. 

Analysis of the test data, and also computational results on the 2-D 
inlet, indicate that cowl rotation can eliminate flow separation on the cowl 
lip. Over-rotation, however, can result in separation at the pivot point of 
the cowl lip. The condition defining the optimum rotation angle at each Mach 
number and angle of attack combination can be considered to be that rotation 
which places the stagnation streamline on the cowl lip highlight. 

The auxiliary inlet configurations did not provide significant recovery 

advantages over the Mach number range tested. It may be possible, however, 
with alternate designs, to improve their performance. 
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APPENDIX A 

NASA LEWIS HIMAT MASS FLOW PLUG CALIBRATION RESULTS 


The mass flow plug used in this test program was calibrated in April 
1982 in the NASA Lewis 8x6 foot wind tunnel. The calibration was performed 
just prior to the inlet test program to provide accurate computation of the 
inlet mass flow. This appendix presents a brief description of the calibra- 
tion procedure and documents the results of the calibration. Calibration 
results given in terms of the plug airflow corrected to sea level standard 
conditions as a function of the mass flow plug position and static to total 
pressure ratio. 

The mass flow plug was calibrated over a corrected airflow range from 
0.5 to 5.0 lbm/sec. High pressure air was metered through the mass flow plug 
and exhausted to ambient air in the wind tunnel test section. The 
calibration setup is illustrated in Figure A-l. Calibrated choked flow 
venturi flowmeters were used to measure the flow rate to the mass flow plug. 
A 1.00 inch diameter venturi was used in the calibration for the larger plug 
positions. At the smaller plug positions, where the 1.0 inch diameter 
venturi would unchoke, a 0.67 inch diameter venturi was used to measure 
massflow. Flow from the venturi flowmeters passed through a perforated plate 
to dissipate any flow distortion entering the mass flow plug. 



Figure A-1. Mass Flow Plug Calibration Setup in 8 x 6 Ft Wind Tunnel 
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The mass flow plug pressure ratio is defined as the average exit static 
pressure divided by the average total pressure at the plug entrance. The 
mass flow plug instrumentation is detailed in Section 3.3. The average of 
the 40 total pressure measurements at the plug entrance rake gives the plug 
total pressure. Eight static pressure measurements near the plug housing 
exit were averaged to determine the exit static pressure. The mass flow 
through plug was computed from the measured static pressures on the 
calibrated choked flow venturi. Airflow values were corrected using the mass 
flow plug average total pressure and venturi total temperature. 

The mass flow plug was calibrated by varying the plug pressure ratio at 
a fixed plug position. The plug position was set and the supply pressure at 
the calibrated venturi was varied to provide a static to total pressure ratio 
at the mass flow plug between 0.95 and 0.99. The plug average static and 
total pressure were recorded along with the computed mass flow through the 
venturi. The supply pressure was then raised to increase the Mach number 
(reduce (PS/PT) plug) at the mass flow plug exit. The mass flow plug static 
to total pressure ratio was reduced in increments of .02 to .05 until the 
ratio could not be further reduced, indicating the flow was choked. The mass 
flow plug position was set to the next desired position and the pressure 
ratio sweep repeated. The largest plug positions were calibrated using the 
larger calibrated choked flow venturi. Plug position is defined to be the 
distance from the base of the mass flow plug housing to the shoulder of the 
conical plug. Figure A~2. Limits on plug position were 0.2 to 2.5 inches. 
The plug positions tested are also shown in Figure A-2. 

The calibration results give the mass flow plug corrected airflow values 
as a function of the measured static to total pressure ratio for 13 plug 
positions. Figure A-3 presents the results of the mass flow plug calibration 
for plug positions from 0.21 to 2.5 inches. At mass flow plug positions of 
2.2 and 2.5, flow choked at the plug rake rather than at the plug exit. A 
calibration summary plot containing the calibration curves for plug positions 
of 0.21 to 2.0 is presented in Figure A-4. Figure A-5 shows the variation in 
choked corrected flow with mass flow plug position. 
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Figure A-3. (Continued) NASA-Lewis HIM AT Mass Flow Plug Calibration Curves 
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Figure A-4. Summary of NASA-Lewis HIMAT Mass Flow Plug Calibration 



Figure A-5. Curve of Choked Corrected Airflow Values for the 
NASA-Lewis HIMAT Mass Flow Plug 
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APPENDIX B 

INLET PERFORMANCE AS A FUNCTION OF MASS FLOW 


This Appendix presents the recovery and average turbulence data as a 
function of mass flow ratio for all the Mach numbers and angles of attack 
tested. Each figure contains data for one configuration at a particular test 
Mach number, while each curve on a Figure represents a different angle of 
attack. Table B-l indexes the data contained in this Appendix. It shows the 
figure numbers for each configuration, Mach number, and angle of attack combi- 
nation. The angle of attack schedules referred to in Table B-l are given 
below: 


Schedule Angles of Attack (degrees ) 


A 

0, 10, 20, 30, 40 

B 

0, 10, 20, 25 

C 

0, 5, 10, 15, 20 

D 

-5, 0, 10, 20, 30, 40 

E 

0, 20, 40 

F 

-5, 0, 5, 10, 15, 20 
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Table B-1. Index for Appendix B 


Configuration 

Mach 

Number 

Angle-of-Attack 

Schedule 

Figure 

Baseline Axisymmetric Inlet 

0.6 

A 

B-1 

0.9 

A 

B-2 


1.2 

B 

B-3 


1.4 

C 

B-4 

Axisymmetric Inlet, 20° Rotated Lip 

0.6 

A 

B-5 

0.9 

D 

B-6 


1.2 

B 

B-7 


1.4 

C 

B-8 

Axisymmetric Inlet, 40° Rotated Lip 

0.6 

A 

B-9 

0.9 

D 

B-10 


1.2 

B 

B-1 1 


1.4 

c 

B-1 2 

Axisymmetric Inlet With Retracted Sideplates 

0.6 

E 

B-1 3 

0.9 

E 

B-1 4 


1.4 

C 

B-1 5 

Axisymmetric Inlet, Lower Auxiliary Inlets 

0.6 

A 

B-1 6 

Open 100% 

0.9 

A 

B-1 7 

1.2 

B 

B-1 8 


1.4 

B 

B-1 9 

Axisymmetric inlet, Lower Auxiliary Inlets 

0.6 

E 

B-20 

Open 50% 

0.9 

E 

B-21 

Axisymmetric Inlet, Upper and Lower Auxiliary 

0.6 

E 

B-22 

Inlets Open 50% 

0.9 

E 

B-23 

Axisymmetric Inlet, Upper and Lower Auxiliary 

0.6 

A 

B-24 

Inlets Open 100% 

0.9 

A 

B-25 

1.2 

E 

B-26 


1.4 

C 

B-27 

Axisymmetric Inlet, Upper Auxiliary Inlets 

0.6 

A 

B-28 

Open 100% 

0.9 

A 

B-29 

1.2 

B 

B-30 


1.4 

C 

B-31 

Axisymmetric Inlet, Upper Auxiliary Inlets 

0.6 

E 

B-32 

Open 50% 

0.9 

E 

B-33 

Axisymmetric Inlet With Retracted Centerbody 

0.6 

E 

B-34 

0.9 

A 

B-35 

Axisymmetric Inlet, 20° Rotated Lip, 

0.6 

A 

B-36 

Lower Auxiliary Inlets Open 100% 

0.9 

D 

B-37 

1.2 

B 

B-38 

Axisymmetric Inlet, 20* Rotated Lip, 

0.6 

A 

B-39 

Lower Auxiliary Inlets Open 100%, 
Retracted Centerbody 

0.9 

D 

B-40 

2-D Inlet With Short Diffuser 

0.6 

A 

B-41 


0.9 

D 

B-42 


1.2 

B 

B-43 

2-D Inlet, 20° Rotated Lip 

0.6 

A 

B-44 

0.9 

D 

B-45 


1.2 

B 

B-46 

2-D Inlet, 40° Rotated Lip 

0.6 

A 

B-47 

0.9 

D 

B-48 


1.2 

B 

B-49 

2-D Inlet, Long Diffuser 

0.6 

A 

B-50 

0.9 

D 

B-51 


1.2 

B 

B-52 


1.4 

F 

B-53 
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CONfiC DESCRIPTION 

12.000 AX I INLET WITH RETRACTED C.B. 

12.000 AX I INLET WITH RETRACTED C.B. 

12.000 AX I INLET WITH RETRACTED C.B. 

12.000 AX I INLET WITH RETRACTED C.l. 




B-35. Performance Data 

nlet With Retracted Centerbody 
M 0 = 0.9 
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Figure B-37. Performance Data 

Axisymmetric Inlet 20° Cowl Lip Lower Auxiliary Inlets Open 100% 

M 0 = 0.9 
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Figure B- 40 . Performance Data 
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Lower Auxiliary Inlets Open 100% Retracted Centerbody 

M 0 = 0.9 
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Figure B-42. Performance Data 

2-D Inlet With Short Diffuser 
M 0 = 0.9 
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Figure B-52. Performance Data 

2-D Inlet With Long Diffuser 
M 0 = 1.2 
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